Understanding the ecology of coniferous forests is very important because these environments represent globally largest carbon sinks. Metatranscriptomics, microbial community and enzyme analyses were combined to describe the detailed role of microbial taxa in the functioning of the Picea abies-dominated coniferous forest soil in two contrasting seasons. These seasons were the summer, representing the peak of plant photosynthetic activity, and late winter, after an extended period with no photosynthate input. The results show that microbial communities were characterized by a high activity of fungi especially in litter where their contribution to microbial transcription was over 50%. Differences in abundance between summer and winter were recorded for 26-33% of bacterial genera and < 15% of fungal genera, but the transcript profiles of fungi, archaea and most bacterial phyla were significantly different among seasons. Further, the seasonal differences were larger in soil than in litter. Most importantly, fungal contribution to total microbial transcription in soil decreased from 33% in summer to 16% in winter. In particular, the activity of the abundant ectomycorrhizal fungi was reduced in winter, which indicates that plant photosynthetic production was likely one of the major drivers of changes in the functioning of microbial communities in this coniferous forest.
change. We currently lack fundamental knowledge on how microorganisms function as key 36 mediators of C-cycling processes in these ecosystems as well as the identification of the specific roles 37 of individual taxa. Previously, litter and soil activity in forest ecosystems have been shown to be 38 largely shaped by the activity of trees, which are the dominant primary producers. Trees affect the To understand microbial processes in forest ecosystems, it is essential to address the activityof both bacteria and fungi. Though bacterial biomass is quantitatively dominant, fungi have been 66
shown to be more important in decomposition processes and link soil and plant interactions 67 (Baldrian et al., 2012; Štursová et al., 2012) . Given that the bulk of microbial community members 68 have not yet been cultured, direct analysis of microbial processes is necessary to link community 69 structure to specific functions and to provide insight into the contribution of individual microbial taxa 70 to biogeochemical processes. The development of metatranscriptomic approaches and high-71 This work combines metatranscriptomics, microbial community analysis, and enzyme activity 83 measurements to investigate the influence of seasonality and litter horizon on forest soil microbial 84 activity. We investigate two seasons: the summer peak of plant photosynthetic activity and late 85 winter with no photosynthate input in soil regions where we have previously observed high microbial 86 activity, especially fungi (Baldrian et al., 2012). We also explore the extent of seasonal differences in 87 ecosystem functioning and indicate whether these changes are due to differences in microbial 88 abundance among seasons, differential transcription of the microbes, or both. Our over-arching 89 hypothesis is that observed seasonal differences in soil microbial activity are driven by changes in the 90 F o r P e e r R e v i e w O n l y 5 availability of plant photosynthesis products and consequently that seasonality is soil horizon-91 specific. In winter, as decreases in the nutrient supply to root-symbiotic ECM fungi occur due to 92 absent photosyntate allocation, we expect that ECM fungi abundance and activity will decrease. 93
Moreover, because previous studies have shown that ECM fungi decrease the rates of organic matter 94 decomposition (Gadgil and Gadgil 1975, Ekblad et al., 2013) , it can be assumed that the winter will be 95 characterized by a relative increase of abundance and activity of decomposer microorganisms. 96
Further, it was demonstrated that both fungi and selected bacteria are involved in decomposition in 97 coniferous forests (Štursová et al., 2012) , and we will specifically investigate the relative contribution 98 of the members of these two groups. 99 100
Results

102
Site and soil properties 103
104
Mean annual temperature in the year of sampling was 4.8 °C and was the same for air at the 105 soil surface and in litter and soil. The warmest month was August, with an air temperature of 13.4 °C, 106 litter temperature of 12.3 °C, and soil temperature of 12.2 °C; the coldest month was February, with 107 temperatures of -1.1 °C, -0.4 °C and -0.3 °C in air, litter, and soil, respectively ( Supplementary Fig. 1 ). 108
The temperature in litter and soil during the 14 days before sampling was 9.7 °C in summer and -0.3 109 to -0.4 °C in winter. Additionally, the summer sampling time was representative of the peak of the 110 vegetative season, while the soil in winter was covered by 50 cm of snow for longer than 3 months 111 (Fig. 1) . Despite temperatures being slightly below 0 °C in the winter, the water in litter and soil was 112 never frozen. 113 Soils were characterized by high content of organic matter and low pH. The chemical 114
properties of litter and soil differed dramatically, with the litter horizon containing significantly more 115 organic matter, as well as nutrients (C, N, and P) and exhibiting slightly but significantly higher pH and 116 (Fig. 1) . Litter also contained approximately twice as much bacterial biomass and 117 approximately fourfold more fungal biomass than soil. The activity of all extracellular enzymes was 118 higher in litter than in soil, with the exception of Mn-peroxidase and β-xylosidase. Seasonal 119 differences within horizons were most apparent in the bacterial / fungal rDNA ratio, which was 120 higher in winter than in summer in both horizons. In litter, the activity of the endocellulase and 121 ergosterol content was higher in summer, whereas Mn-peroxidase activity was higher in winter. In 122 soil, endocellulase activity was higher in summer, whereas endoxylanase activity was higher in winter 123 (Fig. 1) . 124
125
Composition and activity of the microbial community 126
127
Gene targeted sequencing was performed to characterize the composition of the soil 128 microbial community (16S rRNA genes amplicons, DNA) and activity (16S rRNA amplicons, RNA). We 129 detected a total of 27164 bacterial OTU with best hits to 1005 genera. Soil biodiversity was observed 130 to be between 4.54-5.21 (Shannon Index) and evenness between 0.80-0.87. DNA and RNA 131 communities from litter were significantly more diverse than those from soil (P < 0.001), and RNA-132 derived communities exhibited higher values of biodiversity (Shannon Index) than those of DNA 133 communities (P < 0.02, Supplementary Table S1) . 134
In both DNA-and RNA-derived communities, bacterial communities were dominated by 135 Proteobacteria, followed by Acidobacteria and Actinobacteria. While Acidobacteria were more 136 abundant in soil, several bacterial taxa, including Actinobacteria, Bacteroidetes, Betaproteobacteria 137 and Verrucomicrobia, were more abundant in litter. Bacterial OTUs were more horizon-specific than 138 fungi, with 83% of the top 42 OTU showing preferential localisation in one horizon. The most 139 abundant bacterial genera in litter were Pseudomonas (7.5% of all sequences), Beijerinckia (7.2%) 140
and Acidiphila (7.0%). The soil was especially rich in candidatus Koribacter (24%), Beijerinckia (6.3%) 141
and Rhodoplanes (6.2%) (Supplementary Table S2 ). Seasonal differences in abundance within each 142 Table S2 ). Genome count estimates 145 (based on the total number of associated rRNA amplicons), ribosome content (rRNA), ribosome 146 production (mRNA reads of ribosomal proteins), and total activity (all mRNA reads) were used as 147 proxies of bacterial community composition and activity. For example, while Acidobacteria-148 associated DNA was common, this bacterial taxon exhibited lower proportions of associated rRNA 149 content and transcripts. In contrast, Actinobacteria were associated with a higher share of mRNA 150 reads than of genomes or ribosomes, whereas Verrucomicrobia were abundant in DNA and RNA but 151 mRNA reads assigned to this phylum were rare (Fig. 2) . Table  156 S1). In both litter and soil, the fungal community was dominated by the Basidiomycota and 157
Ascomycota, which represented 87-97% of sequences. The remaining sequences belonged primarily 158 to the Mortierellomycotina (2% in litter, 12% in soil). The composition of fungal communities in litter 159 and soil differed substantially, with 20 of 32 the most abundant fungal OTU (63%) showing 160 preferential localization in one horizon. The most abundant fungal genera in litter were Mycena 161 (18%), Tylospora (16%) and Cladophialophora (9%), whereas in soil Russula (17%), Tylospora (13%), 162
Mortierella (12%) and Piloderma (11%) were the most abundant (Supplementary Table S3 ). Seasonal 163 differences in abundance within each horizon were limited to a small number of taxa in both DNA 164 and RNA communities (Supplementary Table S3 ). Moderate seasonal differences were observable in 165 the active RNA community (Fig. 2) The fungal community was significantly more variable than the bacterial community within 170 the study area. The Bray-Curtis similarity values of community composition among the six study sites 171 were similar in litter and soil, ranging from 0.48 to 0.60 in fungi and from 0.80 to 0.87 in bacteria. The 172 difference in activity of bacterial and fungal genera between summer and winter were analysed by 173 comparing the abundance ratios of RNA/DNA. Generally, for both bacteria and fungi, soil showed 174 substantially higher differences in activity among seasons than did litter. Contrary to our hypothesis, 175 ECM fungi did not show RNA enrichment in summer, suggesting decreased activity during the 176 summer season. Interestingly, all abundant soil Actinobacteria showed higher RNA/DNA ratios in 177 winter ( Supplementary Fig. 2) . 178
179
Microbial transcription in litter and soil 180 181
Metatranscriptomes were also obtained from the study site, providing broader insights for 182 comparisons of expressed functions between horizons and seasons. features identified as microbial 183 (i.e., those assigned to either bacteria, fungi, or archaea) represented a vast majority (83.4%) of 184 annotated contigs. Of the other contigs, most had hits to the Streptophyta (4.2%), Arthropoda 185 (3.7%), Nematoda (0.8%) and Chlorophyta (0.4%), whereas contigs identified as viruses represented 186 0.2%. Overall, a total of 17552 species were identified in assembled contigs. The contribution of 187 microbial taxa to transcription differed widely between horizons. In litter, 69.9% of microbial 188 transcripts were of assigned to fungi, 28.9% to bacteria and 1.1% to archaea. However, in the soil, 189 bacterial transcripts dominated at 74.1%, whereas fungal transcripts made up 24.6% and archaeal 190 1.3% of the total (Fig. 3A) . The fraction of reads with functional classification associated with bacteria 191 was high (72%) compared to those of archaea (26%) and fungi (only 19%). profiles also clearly separated from the bacterial transcription profiles (NMDS, Fig. 3B ). There were 197 processes strongly dominated by bacteria (e.g., metabolism of terpenoids and polyketides), as well as 198 those with a strong involvement of fungi, such as glycan biosynthesis and lipid metabolism (Fig. 3C) . 199
To evaluate phyla-specific processes (e.g., contribution of Cyanobacteria to photosynthesis), the total 200 transcripts involved in a specific process (e.g., Cyanobacteria-associated photosynthesis transcripts) 201 was compared to total transcripts associated with a specific phyla (e.g., all Cyanobacteria-associated 202 transcripts). Broadly, specific taxa were observed to be highly enriched for group-specific processes 203 (Table 1) Table S4 ). The most highly expressed KEGG categories in litter 209 relative to soil were ribosome (+45% compared with soil), fatty acid biosynthesis (+277%), starch and 210 sucrose metabolism (+105%), protein processing in endoplasmic reticulum (+145%), RNA transport 211 (+135%) and proteasome (+201%). In soil, significantly higher expression was recorded for oxidative 212 phosphorylation (+57%), ABC transporters (+97%), glycolysis/gluconeogenesis (+29%), aminoacyl 213 tRNA biosynthesis (+76%), purine metabolism (+67%) and pentose phosphate pathway (+67%) 214 (Supplementary Tables S5, S6 ). Transcript abundances associated with all microbial phyla, with the 215 exception of archaea, were also significantly different between litter and soil (P < 0.0011, ANOSIM on 216
Bray-Curtis distances with 9999 permutations). Together, the observed contrasting transcription 217 abundance profiles between these two horizons suggest differences in their metabolism. 218 Table S4) . 229
Functions associated with transcripts in litter and soil were also observed to be significantly 230 different between summer and winter (P < 0.005, ANOSIM on Bray-Curtis distances with 9999 231 permutations, KEGG level 3). In litter, 26 functional KEGG categories (14.6%) were identified to be 232 differentially expressed between seasons, including the two-component system (+60% in summer 233 compared with winter), valine, leucine and isoleucine degradation (+66% in summer), phenylalanine 234 metabolism (+293% in summer), RNA degradation (+65% in winter), proteasome (+88% in winter) 235 and lysosome (+77% in winter). In soil, 24 categories (13.5%) showed differential expression between 236 seasons, including valine, leucine and isoleucine degradation (+39% in summer), phenylalanine 237 metabolism (+113% in summer), and proteasome (+92% in summer) (Supplementary Table S5 , 238 S6).The seasonal differences in transcript functional profiles in soil were also significant within each 239 single phyla of microbes except archaea (P < 0.018, ANOSIM on Bray-Curtis distances with 9999 240 permutations, KEGG level 3), and in litter for all except Bacteroidetes and Cyanobacteria. The share 241 of KEGG categories responding to seasonality was 2-10% in litter and 10-29% in soil. In Acidobacteria, 242
Proteobacteria and Fungi, more than 20% of KEGG groups in soil showed significant seasonal trends. 243 We also identified representative assembled contigs from the transcriptome that were 244 broadly present in our study area. This core metatranscriptome, defined as those contigs that 245 represented >0.001% of total transcription in each microbial domain (Archaea, Bacteria, Fungi) and 246 that were observed in at least five samples from litter or from soil, had contrasting expressions in 247 between horizons and seasons. The difference in relative transcription among seasons was at least 248 threefold for 28-50% of the core contigs and at least tenfold for 5-21% of the core contigs. More 249 season-responding transcripts were found in soil than in litter for all domains (Fig. 4) . 250
As root photosynthate allocation only occurs during the growing season, we expected that 251 the abundance and activity of mycorrhizal fungi depending root-derived carbon for C to decrease 252 between summer and winter. Based on the relative abundance of fungal ITS sequences belonging to 253 mycorrhizal taxa in litter, we observed that this group was slightly but not significantly smaller in 254 winter than in summer (46% and 51%), and the same was found for ITS transcripts (46% and 53%). In 255 soil, the DNA and RNA abundance of mycorrhizal ITS sequences were not significantly different 256 between seasons and was approximately 78-80%. Individual ectomycorrhizal fungi, however, showed 257 distinct seasonal patterns of abundance and activity that in some cases largely increased (Russula) 258 and in others decreased (Xerocomus, Amanita) in winter in both horizons. Further, significant 259 decrease in β-tubulin transcripts of Basidiomycota relative to those associated with other fungi was 260 observed from summer to winter:, they represented 73.5 ± 3.6% in litter in summer, 57.1 ± 6.3% in 261 winter, 83.4 ± 3.7% in soil in summer and 70.0 ± 2.5% in winter. The bulk of the remaining sequences 262 belonged to the Ascomycota, with other fungi representing < 2.5% of transcripts. This may be due to 263 the relative decrease in the transcription of the plant root symbiotic ECM taxa because most of them 264 belonged to the Basidiomycota. 265
To assess the seasonal transcription of genes specific to mycorrhizal fungi, transcripts with 266 high similarity to those induced during mycorrhizal symbiosis of Laccaria laccata with a plant host 267 were identified. From a total of 19969 of such putative ECM transcripts, 27.9% did not show 268 difference in relative expression between seasons, whereas 51.4% showed expression exclusively in 269 In contrast, only 1.5% and 12.0% of contigs were exclusively transcribed or increased in winter (Fig.  271 4), respectively. 272
Oxygen limitation has previously been reported as a major driver on soil activity in soils 273 under snowpack (Robinson 2001) . In order to explore whether such anoxic conditions developed in 274 our study area, we compared the relative summer and winter abundance of transcripts assigned to 275 enzyme classes in anaerobic respiration, fermentation and fermentative pathways. These pathways 276 included nitrate reduction, nitric and nitrous oxide reduction, sulphate reduction, homoacetogenesis, 277 methanogenesis, and synthesis of fermentation products. We observed no significant differences in 278 transcripts associated with these functions between seasons, suggesting that seasonal oxygen 279 limitation does not take place. Between soil and litter, however, we did observe higher abundance 280 of anaerobic pathways in the soil compared with litter, suggesting that anaerobic niches may be 281 present and influence microbial activity. Within these soils, a high proportion of assigned reads belonged to fungi, especially in the 298 litter (Fig. 3) . This result is much higher than previous estimates in both grassland and forest soils, 299 where more than 90% sequences were assigned to bacteria and only 4% and 0.5% were fungal or 300 archaeal, respectively (Nacke et al., 2014) . The values observed here provides evidence to the 301 importance of fungi in the functioning of the coniferous forest ecosystems ( it is more challenging to reliably annotate fungal sequences relative to those of bacterial origin, due 305 to the lack of available reference genomes and performance of annotation tools (Meyer et al., 2008) . 306
For example, it is challenging even to distinguish the genes of the Ascomycota and the 307 Basidiomycota, the two most abundant fungal divisions. Despite these challenges, this study 308 demonstrates that metatranscriptomics can provide insight into contrasting fungal and bacterial 309 dynamics between soil horizons and seasons. 310 in abundance in a forest soil while other groups did not (Kuffner et al., 2012) . Broadly, community 339 profiles of both soil DNA and RNA were largely consistent across seasons (Fig. 2) . The seasonal 340 changes in the activity of individual microbial species (RNA / DNA of OTUs) were much more 341 pronounced in soil compared to litter ( Supplementary Fig. 2) , with soil also exhibiting a higher share 342 of functional categories with seasonal differences in expression (Fig. 3, 4) . The increase of RNA 343 degradation, proteasome and lysosome-related transcripts suggest reduced microbial biomass and 344 activity in winter. Interestingly, we observed no reduction in the amount of bacterial biomass (16S) 345 or that of fungal biomass (ergosterol) during the winter. Seasonal differences in soil dynamics could 346 be the result of both changes in the abundance of microbial taxa as well as expression of transcribed fungal activity in winter where the system is dominated by ECM fungi. This result would be 360 consistent in our observations that there is no significant difference in the relative amount of 361 mycorrhizal fungi, but their activity in winter is reduced significantly. In the summer, we observed 362 increases in the activity of genes associated with Ectomycorrhiza-specific transcripts (>50% genes 363 exclusively transcribed in that season (Fig. 4) ) as well as increased activity of Basidiomycota (which 364 are mostly ECM), especially its housekeeping gene for β-tubulin. The higher ECM activity in summer 365 was also accompanied by the increase of abundance of Planctomycetes, which were previously 366 reported in association with functioning ECM hyphal networks (Lindahl et al., 2010) , and higher 367 activity of selected bacterial taxa that harbour mycorrhiza-helper bacteria such as Burkholderia spp., 368
Streptomyces spp. or Sphingomonas wittichii (Churchland and Grayston 2014). 369
The observed reduction of ECM activity in winter should theoretically decrease their 370 inhibitory effects on decomposition of organic matter (Ekblad et al., 2013) and consequently lead to 371 increased abundance of extracellular enzymes. Contrary to this expectation, enzymes in our soil did 372 not show differences in abundances between seasons. Reports from other deciduous forests are so 373 processes are likely to be higher in summer, supported by results from a recent study from another 377
Picea abies forest where enzyme activity decreased with the reduction of C allocation by tree roots 378 belowground (Štursová et al., 2014) . Our results suggest that activity of enzymes involved in 379 decomposition is promoted by the availability of simple C compounds which is higher in summer. 380
Our study has also excluded the possible oxygen limitation in unfrozen soil below deep snowpack in 381 winter. 382
This paper provides the first comprehensive analysis of the seasonality of soil transcription 383 that indicates contrasting dynamics in soil function both between litter and soils as well as between 384 seasons. We find that the microbial community composition in soil of a coniferous forest, 385 particularly on the DNA level, is quite stable, but that there are profound changes in microbial 386 transcription across seasons. Most importantly, fungal contribution to total microbial transcription 387 decreases in winter, especially in soil. Plant photosynthetic production seems to be the major driver 388 of seasonality in the studied ecosystem because the activity of ECM fungi that are dependent on this 389 process is highly affected. The results also indicate that the widely used DNA-based community 390 surveys or metagenome analyses may represent less dynamic picture of studied ecosystems and to 391 be thus inferior to the metatranscriptomic approaches in describing the ecosystem functioning. In 392 the future, the potential of metatranscriptomics to reveal the dynamics of soil functioning will 393 hopefully be further increased when it is complemented by other methods, such as, for example, 394
metaproteomics. 395 396
Experimental Procedures 397 398
Study area, sample collection and characterisation 399 Because reliable assignment of most fungal transcripts to divisions (such as Ascomycota or 499 Basidiomycota) was not possible, the relative contribution of fungal divisions to transcription was 500 quantified based on the abundance of transcripts of β-tubulin, a housekeeping gene whose 501 sequences can be reliably assigned thanks to sufficient coverage in GenBank (Begerow et al., 2010) . 502 Differences in soil variables were tested using ANOVA, and differences in relative abundances of 525 individual features (transcripts or microbial taxa) were tested using the Mann-Whitney U test, which 526 assumes the measurements on a rank-order scale but does not assume normality of data. ANOSIM 527 on Bray-Curtis distances was used for the analysis of differences among communities or transcript 528 6.7 ± 0.6 3.9 ± 0.4 7.6 ± 0.7 5.8 ± 0.9 4.1 ± 0.7 3.6 ± 0.6 fungal rDNA (10 6 copies g -1 ) 35.5 ± 7.7 8.1 ± 1.6 60.6 ± 2.4 10.5 ± 1.5 12.2 ± 1.9 4.0 ± 0.5 B/F ra o 34 ± 7 63 ± 11 13 ± 1 56 ± 4 33 ± 2 92 ± 14 ergosterol ( µg g 10.6 ± 2.0 3.7 ± 0.6 11.8 ± 2.5 9.5 ± 3.1 4.1 ± 1. 
